Gold is one of the most important noble metals due to its wide application in industry and economic activity, yet it is not maturally abundant. A simple, sensitive and selective method for determination of trace gold has been required. Several sophisticated techniques, such as inductively coupled plasma mass spectrometry (ICP-MS), inductively coupled plasma atomic emission spectrometry (ICP-AES), electrochemical, spectrofluorometry, and neutron activation analysis have widely been applied to the determination of gold. [1] [2] [3] [4] [5] [6] [7] [8] [9] The spectrophotometric method still has the advantages in respect of simplicity and low operating costs. For this reason, a wide variety of spectrophotometric methods for the determination of gold have been reported, each chromogenic system has its advantages and disadvantages with respect to sensitivity, selectivity and convenience. [10] [11] [12] [13] [14] [15] [16] [17] [18] The rhodanine reagents had widely been applied for the determination of noble metal ions. This type of reagent has a higher sensitivity and high selectivity. [19] [20] [21] [22] [23] [24] In the search for a more sensitive chromogenic reagent, in this work, a new reagent 5-(2-hydroxy-5-nitrophenylazo)thiorhodanine (HNATR) was synthesized and the color reaction of HNATR with Au(III) was carefully studied.
However, the routine spectrophotometric methods are often not sensitive enough to determine low concentrations of gold ion, the gold concentrations of only µg l -1 or ng l -1 level. For the determination of low concentrations of gold ion, a preconcentration step is usually required.
Solid phase extraction is an attractive technique because of its notable advantages (such as higher enrichment factor, reduced contamination of the environment and the ability for rapid and simultaneous preparation of large sample quantities). [25] [26] [27] [28] [29] In this paper, the solid phase extraction of Au-HNATR complex with a reversed phase polymer-based C18 cartridge was studied. The polymer-based C18 is manufactured from a hydrophilic methacrylate polymer, which is functionalized with C18 ligands. It is a reversed-phase solid phase cartridge that provides a broad range of solvent choices and a pH range from 0 -14. By using the polymer-based C18 cartridge, the Au-HNATR complex was enriched by solid phase extraction in phosphoric acid medium and the enrichment factor of 100 was achieved. Based on this, a highly sensitive, selective and rapid method for the determination of Au(III) ions in water and ore samples was developed.
Experimental

Synthesis of HNATR
In a 100 ml beaker, a 1.54-g portion of 4-nitro-2-aminophenol was dissolved in 45 ml of 95% ethanol. To this solution, 12.0 ml of 6.0 mol l -1 HCl were added and then the solution was cooled to 0˚C. After this, 7.0 ml of 10% NaNO2 was added slowly with stiring to obtain a diazotized salt. In another 200 ml beaker, 1.48 g of thiorhodanine and 14 ml of 7.5 mol l -1 ammonia were added. After the solution has been cooled to 0˚C, the above diazotized solution was added dropwise and the mixture was left overnight. The solution was then acidified to pH 1 with concentrated HCl and the precipitate was isolated by filtration. The crude product was recrystallized with 90% ethanol 3 times, and the pure H-NATR was obtained with a 62% yield. Its structure was verified by IR, 1 
Apparatus
A UV-160A spectrophotometer (Shimadzu Corporation, Tokyo, Japan) equipped with 1 cm microcells (0.5 ml) was used for all absorbance measurements. The pH values were determined with a Beckman φ200 pH meter (Beckman Instruments, Fullerton, CA, USA).
The extraction was performed on a Waters solid phase extraction (SPE) device (that can prepare 20 samples simultaneously), and a reversed phase Polymer C18 TM cartridge (methacrylate polymer functionalized with C18 ligands, 10 mm i.d., 15 mm, 30 µm particle) was obtained from Beijing Genosys Technologies, P. R. China.
Reagents
All solutions were prepared with ultra-pure water obtained from a Milli-Q50 SP Reagent Water System (Millipore Corporation, USA). High purity dimethyl formamide (DMF) (Fisher Corporation, USA) was used. A 3.0 × 10 -4 mol l -1 of HNATR solution was prepared by dissolving HNATR in DMF. A stock standard solution of gold (1.0 mg ml -1 ) was obtained from Chinese Material Standard Center, and a working solution of 0.5 µg ml -1 was prepared by diluting this solution. A 5 mol l -1 solution of phosphoric acid was used. Emulsifier-OP solution (2.0%, v/v) was prepared by dissolving emulsifier-OP with water. All chemicals used were of analytical grade unless otherwise stated.
General procedure
To a standard or sample solution containing no more than 3.0 µg of Au(III) in a 100 ml of calibrated flask, 5 ml of 5 mol l -1 of phosphoric acid solution, 5.0 ml of 3.0 × 10 -4 mol l -1 HNATR solution and 3.0 ml of 2.0% emulsifier-OP solution were added. The mixture was diluted to volume of 100 ml and mixed well. After 10 min, the solution was passed through the polymerbased C18 cartridge at a flow rate of 20 ml min -1 . After the enrichment was finished, the retained complex is eluted from the cartridge at a flow rate of 5 ml min -1 with 1.0 ml of DMF in the reverse direction. The eluent was adjusted to the accurate volume of 1.0 ml in a 1.0 ml calibrated flask by adding microamounts of DMF with a 200 µl syringe. The absorbance of this solution was measured at 520 nm in a 1 cm microcell (0.5 ml) against a reagent blank prepared in a similar way without gold.
Results and Discussion
Absorption spectra
The absorption spectra of HNATR and its Au(III) complex are shown in Fig. 2 . The absorption peaks of HNATR and its complex in DMF medium are located at 400 nm and at 520 nm, respectively.
Effect of acidity
Results showed that the optimal condition for the reaction of Au(III) with HNATR is in an acid medium. Therefore, the effects of hydrochloric acid, sulfuric acid, perchloric acid, and phosphoric acid, on the color reaction of Au(III) with HNATR were studied. Experiments show that phosphoric acid has the best effect, and the concentration of phosphoric acid within a 0.05 -0.5 mol l -1 was found to give a maximum and constant absorbance (Fig. 3) , so 5 ml of phosphoric acid was recommended.
Effect of surfactants
The effects of surfactants on the Au(III)-HNATR system were studied. The results (Table 1) show that, in the absence of surfactants, anionic surfactants or cationic surfactants, the Au(III)-HNATR chromogenic system gives a low absorption, whereas in the presence of nonionic surfactants, the absorption of the chromogenic system increases markedly. Various nonionic surfactants enhance the absorbance in the following sequence: emulsifier-OP > Tween-80 > Tween-20 > Tween-60. Accordingly, the emulsifier-OP was the best additive, and the use of 1.5 -4 ml of emulsifier-OP solution give a constant and maximum absorbance. Consequently, the use of 3.0 ml was recommended.
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Effect of HNATR concentration
For up to 3.0 µg of Au(III), the use of 5 ml of 3.0 × 10 -4 mol l -1 of HNATR solution was found to be sufficient for a complete reaction. Accordingly, 5.0 ml of HNATR solution were added in all further measurements.
Stability of the chromogenic system
After the components are mixed, the absorbance reaches its maximum within 10 min at room temperature and remains stable for at least 5 h. After having been extracted into the DMF medium, the complex was stable for at least 8 h.
Solid phase extraction
Both the enrichment and the elution were carried out on a Waters SPE device. The flow rate was set to 20 ml min -1 for enrichment and 5 ml min -1 for elution.
Some experiments were carried out in order to investigate the retention of HNATR and its Au(III) complex on the cartridge. It was found that the HNATR and its Au(III) complex are retained on the cartridge quantitatively when they pass the cartridge as phosphoric acid medium. The capacity of the cartridge was determined as 26 mg for Au(III)-HNATR complex in 100 ml of solution. In this experiment, the maximum amount of gold is only 3.0 µg. Therefore, the cartridge has adequate capacity to enrich the Au(III)-HNATR complex.
In order to choose a proper eluent for the retained HNATR and its Au(III) complex. We studied various organic solvents. For eluting the Au(III)-HNATR complex from the cartridge, the volume of the solvent needed is 0.8 ml for DMF, 1.2 ml for isopentyl alcohol, 1.4 ml for acetone, 1.4 ml for acetonitrile, 1.8 ml for ethanol, and 2.0 ml for methanol. The maximum enrichment was achieved when DMF was selected as eluent. So the DMF was selected as eluant. The experiment shows that it was easier to elute the retained HNATR and its Au(III) complex in reverse direction than in forward direction, so it is necessary to reverse the cartridge during elution. Since 1.0 ml of DMF was sufficient to elute the HNATR and its Au(III) complex from cartridge at a flow rate of 5 ml min -1 , the volume of 1.0 ml was selected.
Calibration curve and sensitivity
The calibration curve showed that the system obeys Beer's law in the concentration range of 0.01 -3 µg Au(III) per ml in the measured solution. The linear regression equation obtained was A = 0.695C (µg ml -1 ) + 0.0163 (r = 0.9991). The molar absorptivity was calculated to be 1.37 × 10 5 l mol -1 cm -1 at 520 nm. The relative standard deviation at a concentration level of 0.5 µg l -1 of Au(III) (11 repeated determinations) was 2.18%. The detection limit, based on three times of the standard deviation, is 0.02 µg l -1 in the original sample.
Interference
The influence of foreign ions on the determination of Au(III) was examined using the general procedure. The tolerance limit was taken as the ratio of foreign ions to the ion being determined that causes a ±5% error in the absorbance value. The results are listed in Table 2 . The result shows that most common ions do not interfere with the determination. This method is highly selective.
Composition of the complex
The composition of the complex was determined by continuous variation (Fig. 4) method and by molar ratio (Fig. 5) method. Both showed that the molar ratio of Au(III) to HNATR is 1:3. The formation constant was estimated to be 4.21 × 10 18 as described in the literature. 30 
Application
For water samples, the samples were acidified with phosphoric acid and filtrated through a 0.45 µm filter. The gold contents were analyzed according to a general procedure. The results (deducting the reagent blank) are shown in Table 3 . An ICP-MS method was used as a reference method and the results are also shown in Table 3 . A 1.0 g portion of ore sample is weighed into a 50 ml Teflon high-pressure microwave acid-digestion bomb (Fei Yue Analytical Instrument Factory, Shanghai, China). To this, 10 ml of aqua regia was added. The bombs were sealed tightly and then positioned in the carousel of the microwave oven ( Shanghai, China). The system was operated at full power for 30 min. The digested material was evaporated to incipient dryness. Then, 20 ml of 5% phosphoric acid was added and each mixture was heated close to boiling to leach the residue. After the mixture was cooled, the residue was filtrated and the undissolved residure was washed with 5% phosphoric acid twice. The leachate was collected into a 100 ml calibrated flask quantitatively and the gold contents were analyzed according to a general procedure. The results (deducting the reagent blank) are also shown in Table 3 . An ICP-MS method as was used a reference method and the results are also shown in Table 3 .
Conclusion
This method exhibits high selectivity and high sensitivity. HNATR is a sensitive and selective spectrophotometric reagent for gold. The molar absorptivity of the complex reaches 1.37 × 10 5 l mol -1 cm -1 . Most foreign ions do not interfere with the determination. By solid phase extraction with C18 cartridge, the HNATR-Au(III) complex in 100 ml solution can be concentrated to 1.0 ml, so the enrichment fact of 100 was achieved. The detection limit reaches 0.02 µg l -1 in the original samples, and µg l -1 level of gold can be determined with good results.
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